ABBREVIATIONS: PBS, phosphate-buffered saline; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; pIC50, -log IC50; 3D-QSAR, three-dimensional quantitative structure-activity relationship; CoMFA, comparative molecular field analysis; CoMSIA, comparative molecular similarity indices analysis.
INTRODUCTION
Cancer remains one of the major causes of death in spite of the long history of anticancer drug development. There have been tremendous efforts to discover and develop more potent and selective anticancer agents [1] [2] [3] . Microtubules have been used as targets for the development of anticancer agents. Compounds that attack microtubules disrupt microtubule structure and normal function by inhibition or promotion of microtubule assembly causing mitotic cell arrest [4, 5] . Most of the antimitotic compounds used in clinical practice are either naturally-occurring molecules or their synthetic analogues, such as Vinca alkaloids, which inhibit microtubule polymerization, and taxol, which promotes microtubule assembly [6] [7] [8] . Colchicine ( Fig. 1) is another important antimitotic agent.
It has been reported that several natural flavones interfere with microtubule polymerization. Some flavones have shown potent cytotoxicity against several cancer cell lines including lung, ovarian, colon, kidney, melanoma, and leukemia [9, 10] . However, since these flavones interact with various biological targets, their anticancer activities may be the result of multiple activities such as antioxidant, apoptotic, anti-topoisomerase, antimutagenic, and anti-estrogenic activity [11] [12] [13] [14] [15] . To enhance the anticancer activity and selectivity of flavones, some researchers have synthesized a series of bio-isosteric flavones, such as quinazolinones, azaflavones, and naphthyridines ( Fig. 1 ). These compounds have strong antimitotic effects and appear to interact with the colchicine binding site on microtubules [16] [17] [18] [19] . Naphthyridine derivatives have become important compounds, because naphthyridines are found in many natural resources and exhibit various biological activities including anticancer, antimicrobial, and anti-inflammatory activities. These compounds have been investigated as potential anticancer agents, and several compounds are part of clinical trials [2, [20] [21] [22] [23] [24] . Moreover, it has been reported that some naphthyridine derivatives (e.g., vosaroxin, Fig. 1 ), were found to inhibit topoisomerase II and displayed potent anticancer activity. Chemical modifications of the naphthyr- Test set compounds. The cancer cells were seeded at a density of approximately 5×10 3 cells/well in 96-well plates. Each well contained 180 μl of medium and 20 μl of 10× concentration of prepared compounds or PBS were added. After culturing for 4 days, 0.1 mg of MTT was added to each well and incubated at 37 o C for 4 h. The plates were centrifuged at 450× g to precipitate the formazan crystals. The medium was decanted and 150 μl of DMSO was added to each well to dissolve the formazan. In this assay, MTT was converted to blue formazan dye by mitochondrial dehydrogenase in actively respiring cells. The intensity of the blue color formed was measured with an enzyme linked immunosorbent assay (ELISA) reader at 540 nm. The measured mean values were expressed as the IC50, the concentration of the compound that reduced the absorbance at 540 nm by 50%.
idine ring, including conversion into other similar ring systems, have been known to increase the cytotoxic activity of these compounds [22, 23, [25] [26] [27] . To find potent anticancer agents, we have synthesized a series of naphthyridine derivatives obtained by changing substituents at the C-2 position of the naphthyridine core in addition to the C-5, C-6, and C-7 positions. In this paper, we evaluated their cytotoxic activities against three human cancer cell lines and performed three dimensional quantitative structure-activity relationships (3D-QSARs).
METHODS

M aterials
Phosphate-buffered saline (PBS) was purchased from Boehringer Mannheim. Dimethyl sulfoxide (DMSO), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), colchicine, and other reagents were obtained from Sigma. All naphthyridine derivatives were synthesized in our laboratory.
In vitro cytotoxic assay
The cytotoxicities of naphthyridine derivatives were evaluated in the cell lines of the following human cancers: human cervical cancer (HeLa), leukemia (HL-60), and prostate cancer (PC-3). Cytotoxicities were measured with the MTT-based colorimetric assay as described in the Table 1 legend [28] [29] [30] [31] . 
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M olecular modeling
A data set of 17 compounds exhibiting cytotoxic activity with IC50 values ranging from 0.1 μM to 172.8 μM was used to perform the 3D-QSAR analysis. The data set was divided into two groups. The first group comprised of fourteen compounds that were used for the training set. The second group comprised of three randomly-selected compounds, which were the test set and were used for external validation of the 3D-QSAR models. All biological activity data expressed as IC50 values were transformed into pIC50 (-log IC50) values and used as the dependent variable in the CoMFA and CoMSIA studies. The molecular structures and cytotoxic activities of the training and the test sets are described in Table 1 .
All computational studies were performed with the SYBYL-X 2.0 molecular modeling software package. Compound structures were generated with the sketch tool, and geometry optimization was carried out using the TRIPOS force field and the Powell conjugate gradient algorithm with a gradient convergence value of 0.05 kcal/mol. Partial atomic charges of the molecules were calculated by the Gasteiger-Hückel charges. Low-energy conformations were searched for using the simulated annealing method, and molecular alignment was achieved by the distill rigid method in SYBYL. The active compound (15) in the training set was selected as a template molecule, and the phenyl moiety of the C-2 naphthyl ring was used as a common substructure in the alignment.
CoMFA and CoMSIA
CoMFA and CoMSIA analyses are based on the relationship between biological activity and structural properties of compounds when the receptor structure is unknown. CoMFA was executed in the steric and electrostatic fields. Aligned molecules were put into the 3D cubic lattice with a grid spacing of 2.0 Å. The Lennard-Jones and Coulombic potentials were applied to calculate the steric and electrostatic field energies of the CoMFA, respectively. The sp 3 probe carbon atom with a charge of ＋1 and a Van der Waal's radius of 1.52 Å was used to calculate the CoMFA steric and electrostatic fields. A default value of 30 kcal/mol was used as the maximum steric and electrostatic energy cut-off.
The CoMSIA method uses a common probe atom and similarity indices calculated at regularly spaced grid intervals for the aligned molecules. The CoMSIA calculates five fields: steric, electrostatic, hydrophobic, hydrogen bond acceptor, and hydrogen bond donor. The common probe atom with radius 1.0 Å, charge ＋1, hydrophobicity ＋1, hydrogen bond donating ＋1, and hydrogen bond accepting ＋1 was used to calculate the five fields. A default value of 0.3 was used for the attenuation factor.
Partial least square (PLS) analysis
A partial least squares (PLS) approach was employed to derive the 3D-QSAR models. Cross-validation was performed with the leave-one-out (LOO) method in which one compound was removed from the data set, and its biological activity was predicted with the model derived from the rest of the data set. The LOO cross-validation was carried out to determine the optimal number of components (ONC) and the correlation coefficient q 2 , which indicated the predictive ability of the analysis. The final QSAR model was developed with the obtained optimal number of components to determine the non-cross-validation correlation coefficient r 2 , which indicated the quality of the data fit in the equation.
To assess the predictive ability of the derived 3D-QSAR models, test set compounds with known biological activities were used to validate the 3D-QSAR models. The predictive correlation coefficient r 2 pred value was calculated using the following equation:
where SD is the sum of the squared deviations between the biological activities of the test set and the mean activities of the training set; PRESS is the sum of the squared deviations between the experimental and the predicted activities of the test set compounds. 
RESULTS
In vitro cytotoxicity
Colchicine and the 16 synthesized compounds were evaluated in three human cancer cell lines: HeLa, HL-60, and PC-3. The cytotoxic activities of the compounds were obtained as IC50 values, and the data are summarized in Table 1 . Colchicine showed moderate cytotoxicity with IC50 values of 23.6, 7.8, and 19.7 μM, respectively. The IC50 values of the synthesized compounds ranged from 0.7 μM to 172.8 μM for HeLa cells, from 0.1 μM to 102.9 μM for HL-60 cells, and from 2.7 μM to 124.6 μM for PC-3 cells.
In HeLa cells, the compounds (5, 10, and 15) with a methyl group at the C-6 position were more potent than colchicine. Cytotoxicities of the compounds (14, 15, and 16) with the C-2 naphthyl ring were increased to give IC50 values of 2.6, 2.3, and 0.71 μM, respectively. Compounds (7, 8 , and 11) with a 2',4'-dimethoxy phenyl ring showed stronger biological activity than compounds (1, 2, and 6) with a 3',4'-dimethoxy phenyl ring. For HL-60 cells, the 3',4'-dimethyoxy phenyl ring compounds (4, 5, and 6) exhibited more potent cytotoxicities than the 2',4'-dimethoxy phenyl ring compounds (9, 10, and 11). The introduction of a naphthyl ring at the C-2 position (14, 15, and 16) enhanced activities to show IC50 values of 1.5, 0.8, and 0.1 μM, respectively. In PC-3 cells, most of the C-2 naphthyl ring compounds (12, 14, 15, and 16) had more potent biological activities than the 3',4'-or 2',4'-dimethyoxy phenyl ring compounds.
3D-QSAR analysis
The summaries of CoMFA and CoMSIA statistics for the training and test sets are listed in Tables 2 and 3 . The predicted biological activities and residuals between the experimental and predicted activities from CoMSIA are shown in Tables 4 and 5 , respectively.
Human cervical cancer (HeLa) cells
The CoMFA model for steric and electrostatic fields gave a cross-validated coefficient (q %, respectively (Table 3) .
Leukemia (HL-60) cells
By using the CoMFA default settings for steric and electrostatic fields, a cross-validated coefficient value of 0.720, an optimized component number of 3, and a non-cross-validated coefficient value of 0.838 were observed. The CoMSIA model with electrostatic and hydrogen bond donor fields yielded a cross-validated coefficient value of 0.777 with 3 principal components and a non-cross-validated coefficient value of 0.937. The F test value and SEE value were 49.322 and 0.252, respectively. The predictive correlation coefficient r 2 pred was 0.913. Fig. 2B illustrates the correlation between the experimental versus predicted pIC50 values for the training and test set compounds. The corresponding contributions of electrostatic and hydrogen bond donor fields were 57.8 and 42.2%, respectively.
Prostate cancer (PC-3) cells
The CoMFA model with steric and electrostatic fields determined the cross-validated coefficient, non-cross-validated coefficient, and optimum number component to be 0.567, 0.984, and 3, respectively. The CoMSIA model using electrostatic and hydrogen bond donor fields gave a cross-validated correlation coefficient of 0.702 for 3 components and a non-cross-validation coefficient of 0.983. The F value, standard estimate error, and r 2 pred value were 188.026, 0.066, and 0.974, respectively. The plot of experimental versus predicted activity values is shown in Fig.  2C . The electrostatic and hydrogen bond donor field descriptors contributed 52.3 and 47.7%, respectively.
DISCUSSION
In the in vitro bioassay, compounds (14, 15, and 16) were much more active than colchicine and other synthesized compounds, with IC50 values of 2.6, 2.3, and 0.7 μM against HeLa cells, 1.5, 0.8, and 0.1 μM against HL-60 cells, and 2.7, 11.4, and 5.1 μM against PC-3 cells, respectively. Compounds with a C-2 naphthyl ring (14, 15, and 16) showed more potent cytotoxicities than the 2',4'-or 3',4'-dimethyoxy phenyl ring compounds, suggesting that bulky lipophilic groups at the C-2 position were beneficial for potent activity. Compound (16) with both a C-7 CH3 and a C-2 naphthyl ring displayed the most potent activity against all three human cancer cell lines. In general, methyl-substituted compounds at the C-6 or C-7 positions were more active than those substituted at the C-5 position, while compounds with two methyl groups at both the C-5 and C-7 positions or no substituted group at the C-5, C-6, and C-7 positions in naphthyridine were substantially less active.
In all three QSARs, the results of the CoMSIA models were better than those from the CoMFA. The statistical parameters from the CoMSIA models demonstrated high cross-validated q 2 values (0.857, 0.777, and 0.702) and non-cross-validated coefficient r 2 values (0.984, 0.937, and 0.983) suggesting that these models were highly predictive. In general, a q 2 value ＞0.5 is considered an indication that the model is internally predictive. The small residual values between experimental and predicted activities in Table  4 showed that the predicted activities from the CoMSIA models correlated well with experimental activities. The test set is used to validate the predictive ability of the QSAR model, and predictive ability is expressed by the predictive correlation coefficient values (r (16) is shown within the fields (blue, favorable positive charge; red, favorable negative charge; yellow, favorable hydrophobicity; white, unfavorable hydrophobicity; cyan, favorable hydrogen bond donor; purple, unfavorable hydrogen bond donor).
correlation coefficient values and small residual values in Table 5 indicated that these CoMSIA models predicted the biological activity of test set molecules well. The graphs of experimental versus predicted pIC50 values for the training and test sets (Fig. 2) illustrated a good correlation between experimental activities and predicted activities and the predictivity of the QSAR models.
3D-contour maps visually illustrate the QSAR information to show regions around molecules where increased or decreased activity is expected by physicochemical property changes in the molecules. In the electrostatic contour map, the blue and red contour regions are favorable for positive charges and negative charges, respectively. The yellow contours indicate where hydrophobic groups enhance biological activity, whereas the white contours show regions where hydrophilic groups increase activity. The cyan areas are favorable hydrogen bond donor fields, while the purple area represents unfavorable hydrogen bond donor fields. Compound (16) with the most potent activity against three human cancer cell lines is shown in the fields (Fig. 3) .
For HeLa cells ( Fig. 2A) , there was yellow contour around the 3', 4', 5', and 6' hydrogens of the C-2 naphthyl ring, where the hydrophobic groups like a methyl group were favorable for activity. The large white contour near the C-4 carbonyl and the C-1 NH group of the naphthyridine ring suggested that introduction of hydrophilic groups would increase activity. The cyan contours were shown at the C-1 NH of naphthyridine and the 6' positions of the naphthyl ring, suggesting that hydrogen bond donor groups would enhance activity. The purple contour at the 2' position of the naphthyl ring demonstrated the unfavorable region for hydrogen bond donators. Compounds (14, 15, and 16) were well correlated with the hydrophobic contours and hydrogen bond donor contours to give a reasonable explanation for their potent activity. The contour map of HL-60 cells is shown in Fig. 2B . The blue contours, which are favorable positive charge, were found near the C-1 NH of the naphthyridine and the 5' hydrogen atom of the naphthyl ring. The red contour near the C-4 carbonyl group of the naphthyridine and the 4' hydrogen of the naphthyl ring displayed favorable regions for negative charge groups. It was observed that the hydrogen bond donor contour map was similar to that of HeLa and exhibits the cyan contour at the C-1 NH of the naphthyridine and the purple contour at the 7' position of the naphthyl ring. Compounds 15 and 16 were well correlated with the electrostatic and hydrogen bond donor contours to show potent activity.
The CoMSIA electrostatic and hydrogen bond donor contours of PC-3 cells are shown in Fig. 2C . It was observed that the blue contours were near the C-1 NH of the naphthyridine and the 3' hydrogen of the naphthyl ring and the red contours were at the naphthyl ring and the C-7 CH3, the C-2 carbonyl, the C-5 hydrogen, and the C-6 hydrogen of naphthyridine. The cyan contour around the C-1 NH of the naphthyridine and the purple contour near the naphthyl ring were observed. Thus, if the C-7 CH3 was replaced with electronegative groups (e.g., methoxy or carbonyl groups), and the naphthyl ring was substituted with a quinoline ring, the biological activity could be improved. Compounds 14, 15, and 16 also correlated well with the electrostatic and hydrogen-bond donor fields to exhibit high potency.
In conclusion, compounds 14, 15, and 16 showed much more potent cytotoxicities than colchicine in human cancer cell lines. The accurate and predictive 3D-QSAR models were elucidated by high PLS parameters of the HeLa (q The 3D-QSAR contour maps suggested that the C-1 NH and the C-4 carbonyl group of the naphthyridine ring and the C-2 naphthyl ring were important for cytotoxicity in all three human cancer cell lines. Introduction of methyl groups at the 3', 4', 5', and 6' hydrogens of the C-2 naphthyl ring could increase activity against HeLa cells, while replacements of the 4' hydrogen with negatively charged groups, the 5' hydrogen with positively or negatively charged groups, and the 7' hydrogen of the C-2 naphthyl ring with hydrogen bond acceptor groups could enhance activity for HL-60 cells. The substitution of the naphthyl ring with a quinoline ring was recommended for cytotoxicity for PC-3 cells. These 3D-QSAR model results could serve as a useful guideline for designing new drugs.
